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Abstract: The paper discusses the methods for calculating the power parameters of a line
start permanent magnet synchronous motor (LSPMSM). The calculations have been per-
formed using the author’s specialized FEM software and professional FEM packages,
ANSYS Maxwell and COMSOL Multiphysics. The author’s algorithm for solving equa-
tions of the electromagnetic field based on the FEM has been presented. The in-house
software developed on this algorithm and professional software have been used to analyse
the power parameters of the LSPMS motor. In addition, both calculation time and accuracy
were analysed. The calculation results were compared to the measurement results.
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1. Introduction

Rising energy prices are driving increased interest in high-energy electric machines. More
than 40% of the world’s electricity production is consumed by electric motors [1]. In industrial
applications, induction machines (IMs) are still the first choice for electric drives. This is due to
their simple design, high reliability, low operating costs and low price. IM motors have good start-
up characteristics. On the other hand, the high reactive energy consumption, and additional losses
in the rotor cage result in a relatively low efficiency and power factor compared, for example,
to permanent magnet synchronous motors (PMSMs), which, compared to IMs, have a higher
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power output for the same size. Unfortunately, the disadvantage of PMSMs is the need to use
converter systems, which, among other things, increases the price of the drive. For constant-speed
drives, this cost can be minimized by implementing line-start permanent magnet synchronous
motors (LSPMSMs), which use permanent magnets to generate the magnetic field in a rotor with
a start-up rotor cage [2,3]. Such motors are widely applied in industry, e.g., as drives for pumps
or fans [4,5].

LSPMSMs have many advantages, such as a high-power factor, high efficiency, a wide range
of economic operation states and high-power density due to the use of a built-in permanent magnet
that generates a strong magnetic field [3, 6,7]. Unfortunately, their significant disadvantage is the
generation of cogging torque caused by the interaction between the magnet and stator teeth. It ad-
versely affects the resultant starting torque and the trajectory of the driving torque, particularly in
the lower speed range. To reduce the cogging torque and increase the starting torque of LSPMSMs,
many scientists and development centres are looking for a new permanent magnet structure and
a starting cage with a new shape. In the calculations and design of these machines with new
structures and unconventional shapes, it is necessary to use software to analyse the electromag-
netic field and to calculate machine parameters based on field values. There are professional FEM
software packages for electromagnetic field calculations, including JIMAG-Designer [§], ANSYS
Maxwell [9, 10], Simcenter MAGNET. [11, 12], COMSOL Multiphysics [13, 14], Opera SYMU-
LIA [15,16], Flux 2D [17, 18] or its three-dimensional variant Flux 3D [19,20]. Using some of
the above-mentioned FEM packages, the author has prepared and repeatedly tested independently
developed FEM-based software for calculating the electromagnetic field distribution in electrical
machines with permanent magnets and squirrel cage windings.

All the above-mentioned software programs and the in-house software are intended to be
included in the optimization calculations and in the calculations of coupled phenomena, e.g.,
problems in which the equations of the electromagnetic field are solved simultaneously with the
equations of the thermal field. Therefore, it is very important to minimize the calculation time.
There are many papers in the literature devoted to the comparison and evaluation of professional
software for field analysis of electrical machines, e.g., papers on the use of ANSYS Maxwell and
COMSOL Multiphysics software. Very often, measurement verification of calculation results is
presented to check the accuracy of the applied simulation models and computational software.
The articles in question concern comparisons not only of the calculations of the electromagnetic
field, but also of other physical fields, e.g., thermal fields, fluid flow fields, mainly in 2D [21-25].
Usually, the presented research results lead to the conclusion that there is a very high convergence
of results obtained using different optical environments, e.g., ANSYS Maxwell or COMSOL
Multiphysics. The disadvantages of the software used are usually not mentioned, which, apart
from their price, are a large demand for operational memory and a relatively long calculation time,
especially in 3D modelling. These inconveniences come mainly from the excessive universality
of the computing environment used.

In view of the above, the author found it advantageous to develop his own computational
software oriented to the field-circuit analysis of LSPMSMs. The article presents the results of
his recent paper on the search for software to analyse LSPMSMs based on the FEM, which on
the one hand, is the most reliable from the point of view of accuracy, and on the other hand,
is the least time-consuming. The author compared the effectiveness of the personally-developed
software with the effectiveness of professional FEM packages ANSYS Maxwell and COMSOL
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Multiphysics. He compared the results of the calculations with the results of the measurements
using three software programs. Experimental tests were carried out on a measuring stand built
especially for this purpose.

2. Mathematical models of comparative packages

The field-circuit approach to 2D finite element modelling of the LSPMS motor has been
applied in both the in-house software and professional FEM packages. The applied model consists
of equations of the electromagnetic field, circuit equations of the power supply system and
equations of motion. The A-V formulation has been used. This formulation leads to the following
system of equations:

curl(veurlA) =J +J o, (L
J=-0(dA/dt +grad V), 2
divJ =0, 3)

Jm =curlM, @)

where: v is the reluctivity, J is the current density vector, o is the conductivity, J,, is the
magnetization current density vector represented in the region with permanent magnets of the
magnetization vector M.

The proposed model of electromagnetic phenomena considers the nonlinearity of soft mag-
netic materials, B = y(H). However, in the area with permanent magnets, the flux density B is
described by the magnetization vector M and the field strength H:

B=p(H+M), 5)

where g is the magnetic permeability of the vacuum.

In the 2D approach, the equations presented above have a simpler form. The vector magnetic
potential A and the current density vector J have only one component,e.g. A = 1,A,andJ =1,J;.
In addition, from (2) and (3), a simple expression is obtained to describe gradV = 1,0V /dz and
in simply connected conducting regions dV/dz # f(x,y,z). It follows from the above that in
the area of each individual conductor grad V is uniform and is only a function of time, but in
the area of each conductor grad V can be a different function of time. Therefore, it is convenient
to separately consider systems composed of thin, filamentary conductors and systems with solid
conductors in which eddy currents occur. In the thin conductors, it is assumed that J, = i/S,,
where i is the winding/coil current, i.e., current in the conductor, and S, is the conductor cross-
sectional area. However, in the solid conductors J, = —o(dA,/dt + u/l), where u is the voltage
across the conductor with the length [ in the direction of the z-axis. Usually, the voltage u can
be determined based on the assumption that the total current in solid conductors is equal to zero.
With this assumption, due to symmetry, u = 0 is often obtained.

In general, the transient electromagnetic field in electrical machines is voltage-excited. The
current i in the winding is not known in advance. Therefore, it is necessary to consider the
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equations for electric circuits of the motor and the power supply system. The set of independent
loop equations must be included in the model:

u:Ri+%Li+%(l), (6)
where: u is the vector of supply voltages, i is the vector of loop currents in windings, R is the
matrix of loop resistances and L is the matrix of end-turn inductances, respectively, @ is the
vector of fluxes linking the windings, calculated on the basis of the distribution of the magnetic
vector potential.

When analysing the dynamic states of electric motors, the equations presented above are
solved together with the equations of mechanical equilibrium. The classic LSPMSM motor is
considered a system with one mechanical degree of freedom and motion in the direction of the
angular coordinate a of the cylindrical coordinate systems r, z, a. Therefore, the mechanical
equilibrium equation can be written in the following simple form:

d%e

J_
de?

=TT, -Ty, @)
where: J is the moment of inertia, T, is the electromagnetic torque, Ty, is the load torque and Ty
is the resistive torque produced in the motor bearings and fan.

Usually, the electromagnetic torque was calculated using the Maxwell stress tensor formula.
For the 2D model of the considered motor, this formula has the following form:

2
T = volr?, / (B,Bo),.,, da, ®)
0

where: [ is the length of the motor core in the direction of the z coordinate, r,, is the radius of the
cylindrical surface in the centre of the air gap, B, = B, (@) and B, = B, (@) are the functions
describing the radial and tangential components of flux density for r = r,,, respectively.

In the in-house FE software, Formula (8) was obtained by the analysis of virtual displacement
corresponding to the moving band method in the air gap [26]. Most FEM packages also use the
idea of virtual displacements of the rotor in relation to the stator. However, due to the different
ways of representing the change in the rotor position on the FE model, the obtained formulas
differ from the formula used in the in-house software.

In the COMSOL Multiphysics and ANSYS Maxwell packages, the implementation of cou-
pling between moving and fixed objects is carried out using a sliding technique [27,28]. In the
COMSOL Multiphysics package, the rotor and the stator are usually considered as two separate,
meshed independently, geometric objects. The coupling between the rotor and the stator is done
automatically. In the coupling procedure, the fulfilment of the boundary conditions is ensured.
An identity pair connecting the rotating rotor frame with the fixed stator frame is created between
the rotor and the stator [28]. In the ANSYS Maxwell 2D environment, a field-circuit model of the
considered machine is generated using the RMxprt Design module [9]. In this module, the user
defines machine parameters and then, after performing analytical calculations, can quickly gen-
erate a 2D or 3D field model. In the basic software structure, the discretisation mesh is generated
automatically and can be modified manually [27].
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After applying the FEM and the time-stepping method, the equations given above take the
form of a system with even several hundred thousand non-linear algebraic equations. These
equations can only be solved by iterative methods. In the discussed algorithm, the considered
region of the LSPMSM has been divided into triangular elements. In the time-stepping method,
the backward differential scheme was used. The details of the algorithm and calculation method
developed by the author have been presented, among others, in [3,29].

3. Results of simulations and measurements

In the presented comparative analysis of the considered software, the power parameters of the
LSPMSM have been calculated and measured. To form the field-circuit model of the LSPMSM,
the professional FEM packages ANSYS Maxwell 16.0 and COMSOL Multiphysics 5.3 were
used. The in-house FE software is elaborated in the Borland-Delphi environment. The structure
of the analysed motor is shown in Fig. 1. The motor has 36 drop-shaped slots in the stator and 28
bars in the rotor. Each rotor pole is formed by 3 neodymium magnets of the N38SH type arranged
in the shape of a “U” inside the rotor core. The stator winding is star connected and supplied by
a 3-phase balanced system of 50 Hz and 400 V line-to-line voltage. During the design process,
it has been assumed that the geometry of the stator core is given in advance. The stator core
shape of the mass-produced, general purpose, 3-phase, 4-pole, 3 kW output power squirrel cage

@) (b)

sliding surface T v

Fig. 1. FE mesh: (a) in-house model; (b) COMSOL
Multiphysic’s model; (c) ANSYS Maxwell’s model
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motor of the Sg100L-4B type has been used. To enable motor optimization, the rotor and stator
geometries as well as supply and load system have been parameterized.

The calculations have been performed for various characteristics describing the parameters of
soft and hard magnetic materials. Below, the focus is on discussing the results for the characteristics
recorded in the catalogue data of the materials used in the design of the tested motor. Both the
in-house software and professional software consider the nonlinearity of the magnetic material
and losses in the iron into account.

The elaborated model has been utilized to investigate the influence of supply voltage on the
performance and power parameters of the studied motor. The experimental verification of the
calculated results was carried out. For the purposes of experimental research, a special laboratory
stand with an original torque measurement system was developed — see Fig. 2. An industrial axial
flow fan has been used as a load system. In order to perform tests at a variable load torque — the
fan has exchangeable rotors with propeller blades set at different angles. This paper presents the
results of research for two values of these angles. The load at one angle was treated as the fan A
load and at the other angle as the fan B load. The load torque-speed characteristics for both fans
have been shown in Fig. 3.

Fig. 2. Test stand: 1 — fan; 2 — LSPMSM motor;
3 — torque sensor

;(') T.Nm o
< 19.8 Nm J
18 Sictidaen B WP,

’

145 Nm
Fig. 3. Mechanical characteristics Tg, (n)

----- fan B of considered loads

— fan A

n.rpm- 1500
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The computation and measurement tests have been performed for supply voltage in the
range from 250 to 525 V for two values of load torque i.e., Ty = 14.5 Nm (Fig. 3, fan A) and
Tp = 19.8 Nm (Fig. 3, fan B). The influence of the supply voltage on the motor input power and
current as well as performance factor, defined as the product of efficiency and power factor —
cos ¢ - 17, have been examined. In the measurements as well as simulations the supply voltage
change was carried out in a steady state, after reaching the synchronous speed. During the start-up
before reaching the steady state, the LSPMSM was powered by 400 V.
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The calculated and measured input power and phase current have been shown in Figs. 4 and 5,
respectively. However, Fig. 6 shows the measured and calculated product cos ¢ - 7.

4000 &
PoW fan A 4500
3500 4000
3000 3500
2500 3000
2500
2000
2000
1500 ) .
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225 250 275 300 325 350 375 400 425 450 475 500 525 550 225 250 275 300 325 350 375 400 425 450 475 500 525 550

Fig. 4. Input power vs. supply voltage for two values of load torque 77, = 14.5 Nm (fan A)
and 77, = 19.8 Nm (fan B)
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Fig. 5. Phase current vs. supply voltage for two values of load torque 77 = 14.5 Nm (fan A)
and Ty, = 19.8 Nm (fan B)
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Fig. 6. Efficiency and power factor product vs. supply voltage for two values of load torque 77, = 14.5 Nm

(fan A) and 77, = 19.8 Nm (fan B)

The achieved good concordance between the simulation and experiment results proves the
accuracy of the developed field-circuit models, especially between the in-house software and
measurements. Although the purpose of the paper is not to evaluate the designed and constructed
LSPMSM, but it should be noted that the tested motor has, as intended by the designers, optimal
values of parameters at a voltage of 380 V. For this value of supply voltage, the minimum of motor
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current and the maximum of efficiency and power factor product can be observed. However, the
performed experiments show that for such an optimal value of supply voltage, it is difficult to
achieve proper synchronization of the motor, especially for a high moment of inertia of load. It
has been found that setting up the rated voltage about 5% higher than optimal value improves the
start-up properties of the motor, however it also causes a decrease in the power factor and leads
to the inductive character of the motor.

The measured and calculated values of the power P, current /, efficiency and power factor
product cos ¢ - 7 obtained for 77, = 14.5 Nm, 7, = 19.5 Nm at temperature 7 = 20°C as well as
voltage U = 400 V are summarized in Table 1.

Table 1. Selected simulation and measurement parameters at 400 V

T Measured In-house software COMSOF ANSYS Maxwell
N L Multiphysics
m

P, W|I,A|cosg-n|Pi,W|I,A|cosp:-n|P,W|I,A|cosp-n|P,W|I,A|cosp-n
145 | 2504 [4.41| 0.715 | 2511 |4.39| 0.709 | 2607 [4.66| 0.739 | 2582 (4.70| 0.743
19.5 | 3471 |520| 0.810 | 3377 |5.18| 0.818 | 3516 |5.49| 0.835 | 3511 |5.44| 0.848

The results presented in Table 1 show that the highest accuracy of the calculations in relation
to the measured results was obtained using the in-house software. This was to be expected because
this software was developed specifically for LSPMSM calculations.

In order to determine the relative difference between the measured and calculated results the

factor Axq, was introduced,
Avg = P =xely50q,. 9)
XM
where xj; and x¢ are the results obtained from the measurements and calculations (Table 1),
respectively. The calculated values of the factor Axg, for the considered operation conditions are
stored in Table 2. By analysing the values given in the table it can be seen that the percentage

difference between the results of the calculations and measurements does not exceed 7%.

Table 2. Summary of the factor Axq,

Measured in-house software Measure('l COMSOL Measured ANSYS Maxwell
Ty Multiphysics
N Ak | A | Ave | Awe | Avg | Avg | Awg | A | Avg
input power | current | cos -177 | input power | current |cos ¢ -7 | input power | current |cos ¢ -1
14.5 0.28 0.45 0.84 4.11 5.67 3.36 3.12 6.58 3.92
19.5 2.71 0.38 0.99 1.30 5.58 3.09 1.15 4.62 4.69

Table 3 summarizes the number of FEs and computation time for three software programs
used in LSPMSM calculations. The calculations have been performed on a computer with a 5-core
processor of 16 GB memory. In all these calculations, the length of the time step was the same,
equalto2 - 107 s.
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Table 3. Selected simulation parameters

In-house software COMSOL Multiphysics ANSYS Maxwell
Number of FEs 37000 38558 35176

Time calculation 30 minutes 120 minutes 60 minutes

The total numbers of FEs in the in-house software and in the professional FEM packages are
very close; however, the total computational time when using the in-house software is about 30
minutes, while ANSYS Maxwell 2016 and COMSOL Multiphysics v. 5.3 packages take between
1 and 2 hours to achieve the same small error. Thus, the calculation time for a similar number of
elements is significantly shorter in the case of the in-house software application. In motors with
a symmetrical magnetic circuit, we don’t have to consider more than 1/4 of the entire geometry. As
a result, the calculation time will be reduced. However, the relationship between the calculation
times will remain the same as in Table 3, i.e., the calculation time with COMSOL Multiphysics
will be 4 times longer, and with ANSYS Maxwell 2 times longer compared to the in-house
software.

Whereas analysing coupled phenomena in machines with a complicated magnetic circuit,
such as in the closed high-speed electric machine with excitation from the permanent magnets
and liquid cooling, it is necessary to apply a 3D model. However, such a 3D model requires
a spatial mesh with many times more nodes than in the 2D analysis. Solving this problem requires
proportionally more computing power, and therefore the benefits of using the in-house software
are even more significant than in a 2D model.

4. Conclusion

The calculations performed using the in-house software and the professional FEM packages
have led to the conclusion that the in-house software has the greatest advantages. The versatility of
the in-house software provides not only the ability to analyse and synthesize low- and high-power
motors of any design, but also the ability to interchangeably use mathematical models of varying
complexity to simulate coupled phenomena in much shorter computational time than with models
developed in the professional FEM packages. The biggest advantage of the in-house software is
that it can be quickly modified and special procedures can be added to determine atypical
parameters that cannot be calculated in professional FEM packages, for example, procedures
for determining the magnetic flux density in each elementary subarea of a permanent magnet
from the magnet’s demagnetization characteristics [29,30]. This quantity allows one to evaluate
and visualize the degree of partial demagnetization of permanent magnets under the influence
of simultaneous changes in stator current and temperature of machine components in dynamic
operating states of the LSPMSM motor.

The calculations study performed for the LSPMSM showed a high degree of agreement
between the values of energy parameters calculated in COMSOL Multiphysics and ANSYS
Maxwell programs. However, these results are characterized by a much greater relative difference
between the results of measurements and calculations made by professional FEM packages than
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the results that were calculated by the in-house program. In addition, the author observed that when
deciding to choose one of the professional FEM packages analysed in the paper, many aspects
should be taken into account. Using the ANSYS Maxwell package, one can quickly generate
both 2D and 3D field models, which saves time in model development. Unfortunately, ANSYS
Maxwell requires switching between different packages when solving multi-physics problems. If
one needs access to physics and its equations in a single project and change them easily, COMSOL
Multiphysics is recommended, although it requires much more operation memory.
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